TITLE OF THE INVENTION 

DITHER SYSTEM FOR A QUANTIZING DEVICE 



BACKGROUND OF THE INVENTION 

The present invention relates generally to dither for quantizing devices, 
and more particularly to the correction of quantization errors in electonic 
devices or systems such as analog-to-digital converters (ADCs), and more 
specifically multi-stage ADCs. 

Fourier theory requires that: 

a) all repetitive signals of period T may be expressed as a sum of a DC 
offset, a fundamental sine wave of period T, and the harmonics of the 
fundamental; 

b) the fundamental and harmonics each have an amplitude and phase 
that is uniquely defined by the shape of the repetitive signal. 

A sine frequency is the reciprocal of its period or cycle time, so the 
fundamental frequency is 1/T cycles per second or Hertz. A harmonic of a 
sine wave of period T is a frequency that is an integer multiple of the 
fundamental frequency so the n th harmonic has frequency n/T or a period of 
T/n. 

In mathematical terms a real signal Y(t) that repeats with frequency f 
may be expressed as: 

Y(t) = DC + I n=1 . M (A(n, /)sin(2iT nft + P(n, /))) 
A(n, f) is the amplitude of the n th harmonic for the fundamental frequency and 
P(n, f) is the corresponding phase. Also 2i\f = u) in radians/second, the unit 
of angular frequency, so there are 2tt radians in a circle or cycle. In 



realizable systems the passage of high frequencies, and therefore high 
harmonics, is limited. For example analog systems are limited by maximum 
drive current capabilities and capacitive loading so in practice M does not 
extend to infinity. A repetitive signal may then be defined in terms of T and 
two finite sets of M amplitudes {A} and phase {P}. 

If the fundamental frequency is applied to the input of a non-linear 
device such as a quantizing device, then the output consists of the 
fundamental itself and its various harmonics. As the input has no harmonics, 
the amplitude of each harmonic of the system output relative to the amplitude 
of the fundamental is a measure of its harmonic distortion. Spurious Free 
Dynamic Range (SFDR) is a measure of the relative size of the largest 
harmonic with respect to the fundamental for a defined range of pure sine- 
wave input frequencies. ADCs usually have a much better measured SFDR 
for inputs having more frequency components. 

ADC quantization distortion has a certain amount of energy associated 
with the quantization voltage step. The Fourier Theorem implies that 
harmonic distortion only lies at frequencies related to those at the input. 
Inputs that have more frequency components spread the quantization noise 
energy out into many intermodulation and harmonic distortion components, 
usually reducing the amplitude of each harmonic component. Conversely 
harmonic distortion in ADCs is most apparent for single sine-wave inputs. In 
this case quantization harmonics may be severe, as no intemodulation 
mechanism is present, so the quantization energy that is not noise manifests 
itself as harmonic distortion. Furthermore minor changes in the input signal 



cause large changes in the harmonic profile, so any distortion cancellation 
mechanism is unable to cancel quantization harmonic distortion. Finally even 
high harmonics may have considerable energy - limited only by the 
bandwidth of the ADC. 

The "fingerprints" of quantization distortion are: 

a) rapid changes in harmonic profiles with even small changes in the 
input; 

b) if the input sinusoid changes smoothly, the harmonics seem to vary 
relative to each other, but over a similar amplitude range; and 

c) the harmonic profile extends out to the maximum bandwidth allowed 
by the analog system. 

Dither may be added to ADC inputs to reduce quantization distortion. The 
effectiveness of dither relies on the fact that even small inputs to an ADC 
cause quantization harmonic distortion, as the distortion mechanism is a 
natural consequence of transitioning between voltage levels on a periodic 
basis. In fact the quantization distortion is closely related to the ADC 
quantization step sizes being exercised, and not to the size of the input 
signal. 

Dither in the form of noise may be added into the input of an ADC to 
help spread the energy of the quantization noise so that it is no longer a 
problem. Unfortunately some multi-stage ADCs produce quantization 
distortion at earlier stages in the ADC pipeline, so dither added into the signal 
may have to be much larger to reduce quantization effects. The large 
amplitude dither is needed because multi-stage pipelined ADCs require large 



amplitude to excite dither in the least-significant bit (LSB) of the most 
significant stage of the ADC in order to reduce the quantization noise. This 
most significant stage may be only a few bits, so dither around 1/16 of the 
total input range may be needed. If large amplitude signals are added into 
the ADC input, they must be accurately subtracted from the ADC digital 
output. 

An approach for adding and canceling a relatively large dither signal is 
to generate a large, accurate digital sampled sine wave, convert it to an 
analog signal, add it to the ADC input, and then subtract it out digitally from 
the ADC output. Such a dither circuit for improving quantization distortion in 
analog-digital and digital-analog conversion is shown in U.S. Patent No. 
4,812,846 where dither in the form of a frequency signal at one-half of the 
sampling frequency is added to an input signal and subtracted from an output 
signal of the converter. The dither signal may be easily generated as it is at 
Vz f si so a digital divide- by-two on the clock generates the required frequency 
with all its harmonics at fJ2 or at DC. The disadvantage is that at each 
sampling instant the dither has only two different added voltage levels, with 
limited effectiveness in the spreading of quantization energy. 

What is desired is a dither method for a quantizing device, especially a 
multi-stage analog-to-digital converter (ADC), that reduces quantization noise 
more effectively. 



BRIEF SUMMARY OF THE INVENTION 

Accordingly the present invention provides a dither system for a 
quantizing device, such as a multi-stage pipelined analog-to-digital converter 
(ADC), that derives a dither signal from a clock signal having a sample 
frequency, the dither signal having a frequency that is one-third of the sample 
frequency. The dither signal is easily converted to analog and added at the 
input of the quantizing device to an analog signal to be digitized. A 
cancellation signal circuit generates a cosine-wave signal from a digital 
version of the dither signal. The cosine-wave signal is combined with the 
digital output signal from the quantizing device to cancel the dither signal to 
produce a corrected digital output signal with reduced quantization noise. 

The objects, advantages and other novel features of the present 
system are apparent from the following detailed description when read in 
conjunction with the appended claims and attached drawing. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
Fig. 1 is a block diagram view of a dither system for a quantizing 
device according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to Fig. 1 , a clock signal having a sample frequency of f s 
is input to a divide-by-three circuit 12 to generate the following sequence: 

W(t) = (1,0, 0,1,0, 0,1,0, 0,1,...) 

or alternatively 



W(t) = (1,1, 0,1, 1,0,1, 1,0,1,...) 
or any other sequence having a repetition period of fJ3 such that its 
harmonics are at (2^/3, 3fJ3. 4fJ3. 54/3. 6fJ3, . . .). These frequencies alias 
to sampled frequencies (4/3, DC, fJ3, fJ3, DC, . . .). A simple bandpass or 
lowpass analog filter 14 applied to the digital sequence removes DC and most 
of the harmonics prior to entry into a multi-stage ADC 16, although the filter 
performance is not critical as the non-DC harmonics all lie on fJ3. More 
importantly the serial digital stream is re-clocked with a low-phase-noise, or 
low-jitter, register device 18, as noise on its output is being sampled by the 
ADC 16. The resulting output from the analog filter 14 is a near-sinusoid at 
fJ3 which is input to an adder 20 to which also is input an analog signal to be 
digitized. The output of the adder 20 is the input to the ADC 16. As with U.S. 
Patent No. 4,812,846, an important advantage of this method of generating 
an analog sine-wave dither input is that no high-precision digital-to-analog 
converter (DAC) is needed. However there are now typically three different 
added voltage levels at each sampling instant, increasing the dither 
effectiveness. 

A circuit to accurately cancel fJ3 on the ADC 16 output uses the 
following relations: 

for a desired phase p and two values q = ±1 and r= ±1 , then two variables S 
and C are defined as 

S = Asin(p) C = gcos(p) 

g(t) = A((S/SQRT(3)) - C)cos(2Trt/3) + (2AS/SQRT(3))cos(2iT(t+1)/3) 
Using basic trigonometric properties: 
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g(t) = -QAcos((27rt/3) - qrp) 

For q= -1 and r= 1: 

g(t) = Acos((2nt/3) + p) 
This is an fJ3 cosine with amplitude A and phase p 
5 Therefore 

g(t) = Xcos(2TTt/3) + Ycos(2TT(t+1)/3) 
where {X,Y} are given by 

X = A(cos(p) + sin(p)/SQRT(3)) 
Y = 2Asin(p)/SQRT(3) 
10 These values may be calculated for a particular amplitude and phase, and 
then programmed into registers (not shown) for realtime generation of the 
cancellation cosine-wave. The first cosine expression takes on the values: 

{1,-1/2, -1/2, 1,-1/2, -1/2, . . .} 
for t = {0,1 ,2,3,4,5, . . .}. Comparing the sequences above shows a mapping 
15 of 1 -> 1 and 0 -> -1/2, so the cosine values may easily be generated from 
the output of the divide-by-three circuit 12 by a value translator 22. The 
restricted set of values makes the multiplication hardware 24, 26 needed 
trivially small. The second cosine expression is simply the above sequence 
delayed by one sample clock by a register 28. The outputs from the 
20 multiplication hardware 24, 26 are input to an adder 30 to produce the 
cancellation cosine-wave. The cancellation cosine-wave is input to a 
summation circuit 32 to subtract the input dither signal from the digital output 
of the ADC 16, producing the desired reduced quantization effect in the digital 
output. 



The coefficients for input to the multiplication hardware 24, 26 may 
readily be calibrated by varying the values of A and p and observing the 
corrected digital output of the ADC 16 from the output summer 32 for just the 
dither signal. For calibration the number of samples used is a tradeoff 
between speed and accuracy - more samples = greater accuracy and fewer 
samples = greater speed. Starting from an initial cancellation signal having 
initial values of A and p, set the digital version of the dither signal to have the 
same initial amplitude/phase values and acquire the corrected digital output 
signal. Calculate the amplitude and phase of the corrected digital output 
signal and of the fJ3 signal. Then apply the equations for X and Y to 
generate the appropriate cancellation signal according to the equation for g(t), 
as shown above, by calculating the amplitude and phase values that produce 
an essentially zero output signal. 

Thus the present invention provides dither for a multi-stage ADC by 
generating a relatively large amplitude sinusoid as a dither signal having one- 
third of the frequency of a sample clock, which dither signal is converted to 
analog and added to an analog signal at the input of the ADC, and then 
generating a cosine-wave cancellation signal for subtracting the dither signal 
at the output of the ADC such that the digital output has reduced quantization 
distortion. 



